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Abstract 
Weldline is one of the typical molding defects and appears at the meeting points of multiple melt flows. The presence 
of weldlines in rubber products is regarded as a one of the most undesirable phenomena, since it may result in poor 
mechanical properties as well as unsightly appearances. Injection molding of large/complicated products are usually 
prepared by multiple compounds, which produces weldlines once the melt fronts are joined by impingement flow. In 
the present study, the rubber injection mold was designed and constructed in order to investigate the effect of 
processing parameters on weldline strength of natural rubber. The results revealed that an increased amount of CaCO3 
did not affect the weldline strength. The difference in maximum tensile strength between weldline and non-weldline 
specimens becomes more pronounced with the high loading of SiO2 and CB. This was not solely associated with the 
changes in cure characteristic of rubber compounds but also the reduction of tack property and elasticity of the 
vulcanizates. In the case of hot weldline containing specimen, the results suggested that the longer the distance from 
obstacle the higher the weld line strength. 
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1. Introduction 
The injection molding is one of the most attractive polymer processes in industry. It is especially used 
to produce a wide variety of complex geometry articles in a single operation. High production rate and 
low percentage of scrap are also accounting the advantages that make this process is very attractive from 
engineering and economical point view. Injection molding of large and/or complicated products are 
usually prepared by multiple gates, which can cause weldlines. Weldlines look like cracks on the surface 
of the molded part. These crack-like features are often visible to the naked eye, and as a result are 
considered aesthetically unacceptable in many applications. More importantly, the local mechanical 
strength in the area of the weld can be significantly lower than the strengths away from the weld, 
especially in the thermoplastic composites [1-4]. Two main types of weldlines are usually distinguished 
(Fig. 1) [5]. Cold or stagnating weldline is formed by a impingement of two melt streams without 
additional flow following. Hot or flowing weldline occurs when two or more melt streams continue to 
flow after their lateral meeting.   A large amount of literature [1-4, 6-7] has been published in regard to 
the effects of weldlines on the mechanical properties of injection molded thermoplastics and 
thermoplastic composites. Savadori et al. [1] studied the weldline strength of polypropylene (PP) filled 
with inorganic particles, and proposed that the weldline strength depends on the content and the shape 
factor of the filler. Vaxman et al. [2] investigated the weldlines in short-fiber reinforced thermoplastic 
materials. They suggested that the orientation of the fibrous reinforcement which is parallel to the weld 
interface causes a significant reduction of the tensile strength in comparison to the molded parts without 
weldline. Meddad and Fisa [3] found that the weld line is a zone between 2 and 8 mm wide extending 
throughout the thickness in which the fibers are oriented almost perfectly in a plane parallel to the weld 
line. In addition, they also found that the weld line strength of molded composites decreased with 
increased fiber content. Zhou and Mallick [4] showed the experimental results of stress-controlled fatigue 
tests of an injection-molded 33 wt% short E-glass fiber-reinforced polyamide 6,6,. They found that the 
modulus and tensile strength, the fatigue strength of the material are significantly higher in the flow 
direction than perpendicular to the flow direction, normal, indicating inherent anisotropy of the material 
caused by flow-induced orientation of fibers. Malguarnera et al. [6] concluded that for amorphous 
polymers the melt temperature is the most important parameter. For semi-crystalline polymers, the mold 
temperature is the most important. Singh and Mosle [7] concluded that injection time has no marked 
effect on the mechanical properties of weldline parts, that the governing factor for strength was the 
difference between the mold and melt temperature, and that a higher melt temperature decreased the 
severity in angle of the notch. In order to increase the weldline strength of injection molded parts, 
especially for injection molded thermoplastic composites, some special injection molding techniques such 
as Shear Controlled Orientation Injection Molding (SCORIM), Sequential injection molding, and Push-
Pull injection molding have been proposed to eliminate and heal weldlines. [8-10]. Although a thorough 
search in the literatures reveals many references to the weldline strengths of thermoplastics and 
thermoplastic composites, little consideration has been given to the weldline strength of rubber molded 
parts. Previous works by Patcharaphun et al. [11-13], the weldline strength of compression molded 
Acrylonitrile Butadiene Rubber (NBR), natural rubbers (NR) and rubber blends were investigated. It was 
found that the effect of mold temperatures did not have any significant influence on the weldline strength, 
whilst the effects of clamping pressures and curing systems applied in the vulcanization process were 
important.  However, as for the injection molding of NR products, knowledge of weldline strengths and 
their dependencies on various process conditions remains elusive. Therefore in this experimental study, 
the effects of molding parameter, type of weldline, filler type and content on the weldline strength of 
injection molded NR were investigated. For the sake of comparison, the experiments were also carried out 
with injection molded NR without weldline that should provide a basic understanding for the design 
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engineers to more accurately predict the performance of an injection rubber molded part under applied 
load.
Fig. 1. Types of weldline
2. Experimental
NR (STR5L) was masticated with an internal mixer at a temperature of 70 oC for 3 minutes. The non-
reinforcing filler used in this work was calcium carbonate (CaCO3) and reinforcing fillers were silica 
(SiO2) and carbon black (CB).  The filler contents were varied from 0 to 30 phr.  The commercial grade
of stearic acid, zinc oxide (ZnO), aromatic oil, and Polyethylene glycol, PEG (aromatic oil and PEG were
only employed in the case of CB and SiO2 loadings) were mixed into the rubber for 10 minutes in order
to attain a homogeneous mixture of the rubber compound. When required, the rubber was compounded 
with the amount of sulfur and accelerator (n-Cyclohexyl Benzothiazole-2-Sulphenamide, CBS) on the
two-roll mill for about 3 minutes in accordance with the conventional vulcanizing systems (CV), as
shown in Table 1.
Table 1. Compound formulations of NR
Materials and chemical substances
(*phr)
Natural Rubber Compounds
Mix#1 Mix#2 Mix#3 Mix#4
NR(STR5L) 100 100 100 100
ZnO 4 4 4 4
Stearic Acid 2 2 2 2
Calcium carbonate 0 15 and 30 0 0
Silica 0 0 15 and 30 0
Carbon Black 0 0 0 15 and 30
Sulphur 2.4 2.4 2.4 2.4
PEG 0 0 0.9 and 1.8 0
CBS 0.8 0.8 0.8 0.8
Aromatic Oil 0 0 0 1 and 2
*part per hundred of rubber by weight
Each batch was rolled to produce a sheet of approximately 7 mm thickness and left at room
temperature for 24 hours. A Moving Die Rheometer, MDR (TECHPRO-rheoTECH model 121105) was
utilized to determine the 90% cure time (t90) of rubber compounds in compliance with ASTM D2240. The
rubber compound was then injected into a sheet of approximately 2 mm thickness with an injection
770   Watcharapong Chookaew et al. /  Energy Procedia  34 ( 2013 )  767 – 774 
molding machine (REP Type V37/100, France). All the specimens were processed after the machine had 
attained a steady state at the preset melt and mold temperatures. The nozzle temperature was set at 80 oC 
and the mold temperature was varied from 140 to 160 oC (the mold closing period is dependent on the t90
of rubber compound). In this work, a rubber injection mold was designed and constructed (as illustrated 
in Fig. 2) in order to produce the cold- and hot-weldline containing specimens. The vulcanized rubber
sheets were cut with a specimen-punching machine to produce tensile specimens in accordance with the
standard tensile test ASTM D412 (Die C). The maximum tensile strength of injection molded NR 
specimens were determined by using a universal testing machine, UTM (Instron) at a crosshead speed of 
500 mm/min. The average values of the maximum tensile stress were used for analysis.
(a) (b)
Fig. 2. (a) Special injection mold for preparing the hot and cold weldline specimens and (b) the position where the hot and cold 
weldline containing specimens were taken.
3. Results and discussions
3.1 Effects of filler type and content
The maximum tensile strength of cold-weldline and non-weldline specimens for NR containing 
different CaCO3 contents is shown in Figure 3(a). As for the non-and cold-weldline specimens, the
addition of CaCO3 does not have any influence on the maximum tensile strength of NR. This is due to the
CaCO3 which acts as a non-reinforcing filler or extender [14, 15]. It can be seen that the maximum tensile 
strength of cold-weldline containing specimens is lower than that of non-weldline specimen. This is due
to the unfavorable molecular orientation and incomplete molecular entanglement or diffusion at the weld 
interfaces [16]. In addition, the existence of a V-notch at the weld surface and microvoids at the weld
interfaces which also can be a source of stress concentration and thus it would be easy to break at this
position. Figures 3(b) and 3(c) illustrate the maximum tensile strengths of cold-weldline and non-weldline
specimens of NR containing different SiO2 and CB concentrations. The tensile strengths of non-weldline
specimens increase to a maximum at 15 phr. In this work, it is believed that for a filler loading of up to 15 
phr, the smaller particle sizes of SiO2 and CB (as compared to CaCO3) uniformly disperses and therefore
provides a larger surface area for the interfacial interaction between the filler and rubber matrix resulting
in the increase of tensile strength. Further increased SiO2 and CB concentrations tend to decrease the 
tensile strength, especially for SiO2 loadings. This is associated with the agglomeration of the filler and 
dilution effect, which leads to a reduction in tensile characteristics. This phenomenon was also observed
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by many authors [17-20]. The difference in tensile strength between cold-weldline and non-weldline 
specimens becomes more pronounced with the higher loading of SiO2 and CB (15 and 30 phr). In the case 
of CB system, it is clearly evident that the maximum reduction of tensile strength approximates 60% as 
compared to the non-weldline samples. This is due to a shorter scorch time and an increase in viscosity of 
the rubber compounds, which led to a shorter contact time between the two melt fronts, and thus results in 
an imperfect joint of the fronts. It is also widely known that the tack property of NR decreases with the 
addition of a filler, especially at high filler loadings, which leads to a poor adhesion and reduction of the 
weldline strength. Furthermore, the increasing amounts of filler also affect the rigidity of the vulcanizates 
which thus promotes crack propagation at the weld interface. 
 
 
 
 
 
 
 
 
 
 
 
(a)  (b) 
 
 
 
 
 
 
 
 
 
 
 
(c) 
 
Fig. 3. Maximum tensile strength of cold-weldline and non-weldline specimens containing various filler types and contents  
(a) CaCO3, (b) SiO2, and (c) CB 
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3.2 Effect of mold temperature 
The effect of mold temperature on the maximum tensile strength of cold-weldline and non-weldline 
NR specimens is illustrated in Figure 4. The NR filled with 30 phr carbon black was used for this 
investigation. From the results obtained in this experiment, it is evident that the maximum tensile strength 
of non-weldline specimen tended to decrease with increasing mold temperature. The explanation for this 
is not solely attributed to the remaining double bond and polysulfidic crosslinks occurred in the CV 
system, which is strongly prone to reversion at high temperatures resulting in the chain scission of rubber 
molecules [14, 15], but also the increasing thermal conductivity and rigidity of vulcanizates with high 
loading of CB contents which promote the heat efficiency during mold filling and crack propagation at 
the weld interface. Considering the effect of mold temperature on the maximum tensile strength of cold-
weldline containing specimens, it can be seen that the weldline strength tends to increase with the 
increase of mold temperature. This is due to the shorter flow length of rubber compound during the flow 
in mold cavity as compared to those of non-weldline specimens, which leads to a lower shear heating 
effect and longer contact time at the melt front. Thus resulting in the increase of inter-molecular diffusion 
at the weld interface as the mold temperature is increased. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Comparison of maximum tensile strength for non weldline and cold-weldline specimens at various mold temperatures 
 
The maximum tensile strength for NR filled with 30 phr CB, which is taken from various positions 
along the hot-weldline compared to non-weldline specimen is shown in Figure 5(a). At the mold 
temperature of 140oC, it can be seen that the maximum tensile strength of hot-weldline specimen at the 
position 1 is significantly lower than that of non-weldline specimen. This is mainly due to the orientation 
of rubber molecules at the melt interface behind the obstacle which perpendicular orient to the tensile 
direction. Obviously, the weldline strength tends to increase with the increasing distance from the 
obstacle. This is due to the fact that for polymeric materials, certain distances behind the obstacle, the 
recombination of molecular chains will occur [21]. Thus it can be speculated from Figure 5(b) that most 
of rubber molecule in specimens 2 and 3 parallel align to the tensile direction. Furthermore it can be seen 
that the weldline strength at position 1 and 2 tends to increase with increasing mold temperature, which is 
due to the molecular chains gain an increasing ability to flow at the higher temperature. However, it is not 
the case for hot-weldline containing specimens 3 where no significant changes are observed, which is 
probably caused by the premature crosslink at the melt interface. 
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(a) (b)
Fig. 5. (a) Effect of mold temperature on the maximum tensile strength for non weldline and (b) number of hot-weldline specimens 
at various positions from the obstacle
4. Conclusion
In this experimental study, the effects of filler types and content, mold temperature on weldline
strength of injection molded NR were investigated. The results indicated that the addition of CaCO3 did 
not affect the weldline strength, while the increase amount of silica and carbon black decreased the
weldline strength of natural rubber. It was found that the tensile strength of non-weldline specimen tended 
to decrease with increasing mold temperature. The results also suggested that the tensile strength of cold-
weldline containing specimens tended to increase with increasing mold temperature. As for the hot
weldline containing specimen, the results indicated that the weldline strength of NR increased with the
distance of the specimen from the obstacle.
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